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Introduction
7
The formation of embrittling zirconium hydrides has been recognized as one of the most 8 important reasons for the ductility degradation and failure in zirconium alloys, which are 9 extensively used in the nuclear industry as structural and fuel cladding materials. The 10 presence of hydrides in the zirconium alloy matrix has been shown to induce a crack initiation 11 and propagation process called delayed hydride cracking (DHC) [1] , significantly reducing 12 the useable lifetime of the component. The hydride formation is facilitated essentially due to 13 the strong affinity of zirconium and its alloy with hydrogen and the low solubility of 14 hydrogen in the hexagonal α-Zr phase (less than 10 wt. ppm at room temperature [2]). 15 Current knowledge suggests that there are four phases of hydrides (ζ, γ, δ and ε) in the 16 Zr-H system. Normally, the δ-and ε-hydrides are reported as stable phases, while the other 17 two are metastable. The crystal structures and common compositions of these different M A N U S C R I P T
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3 tetrahedral (0.25, 0.25, 0.25) sites (see Fig. 1 ). This is the most commonly observed hydride 1 phase which is often reported to form after slow cooling (e.g., furnace cooling [9, 10] ) and 2 have a typical non-stoichiometric composition of ~ZrH 1.66 [6] . The γ-hydride (ZrH 1.0 ) has 3 been identified to be a tetragonal (P4 2 /n) phase with the ordered arrangements of hydrogen 4 atoms at the tetrahedral interstitial sites. This phase is mostly observed in the samples after 5 rapid quenching [11, 12] , but some other investigations judged that the γ-hydride can also 6 appear in the slow cooling regimes dependent on the alloy compositions and hydrogen 7 contents of the samples [13] [14] [15] . Here, it is worth mentioning the oddness, from a 8 thermodynamical point of view, as to why an ordered structure of γ-hydride would form 9 during rapid quenching which would essentially freeze the highly mobile H atoms in their 10 random positions while slow cooling favours δ-hydride. Additionally, there is another 11 orthorhombic structure (Cccm) reported for the γ phase based on neutron diffraction 12 measurements of deuterided zirconium samples [16] . However, no full pattern Rietveld 13 refinement of γ-hydride has been reported to the best of our knowledge to discriminate the 14 exact crystal structure of this phase. Furthermore, Mishra and Bashkin et al. [17, 18] argued 15 that the γ-hydride is actually an equilibrium phase produced via a peritectoid α + δ → γ 16 reaction at high temperatures, although this argument is possibly in violation of the Gibbs 17 phase rule for the binary system. Root and co-workers [19] [20] [21] indicate by neutron diffraction 18 that a reversible δ ⇌ γ phase transformation occurred in a Zr-2.5Nb (wt.%) alloy at ~453 K. 19 They suggested that γ-hydride is stable at room temperature as implied by the observation of 20 continuous formation of γ-hydride during room-temperature aging. Some first-principles 21 simulations also concluded that γ-hydride is the most stable phase, while δ-hydride is 22 thermodynamically less stable than the other hydride phases [22, 23] . 23 To summarize, despite decades of research, the formation, stability and exact structure of investigations are essential to improve the understanding of these issues, not only due to the 1 technical importance of the hydride-induced embrittlement in zirconium alloys, but also to the 2 fundamental interests in the phase transformation behaviors of stable and metastable hydrides. 3 Towards that end, this study presents in situ high-resolution neutron diffraction measurements 4 performed on the deuterided zirconium powders during thermal cycling. The data clearly 5 revealed that the previously reported [17, 18] peritectoid α + δ → γ reaction does not occur in 6 the material system investigated. The formation of γ-hydride in the system was found to be 7 promoted by slow cooling rather than rapid cooling. A plausible explanation qualitatively 8 consistent with the diffraction data was proposed to understand this behavior. The δ-hydride 9 was shown to be stable at temperatures up to 740 K while the γ-hydride gradually transformed 10 to δ-hydride during heating. In parallel with the present work, a synchrotron X-ray diffraction 11 study during in situ hydrogen loading by Maimaitiyili et al. [24] confirms the hydride 12 formation process outlined here. 
17
In situ temperature-dependent neutron diffraction experiments were carried out using the included to show which diffraction data were presented in this work at a specific temperature. 
Results and discussion
5
The initial as-deuterided sample was investigated using high-resolution synchrotron X- In situ temperature-dependent neutron diffraction measurements were carried out during from the as-deuterided sample at 290 K (Fig. 4c) , no significant changes were observed in the 12 patterns collected at temperatures of 559 K (Fig. 4a ) and 450 K (Fig. 4b) . The phases present 13 in the sample at these high temperatures remain to be δ-ZrD, ε-ZrD and α-Zr. The γ phase 14 was not observed during the initial heating process. It should be pointed out that, as shown in 18] does not occur in our system during the heating process. Our result supports the viewpoint M A N U S C R I P T
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that the γ phase is not an equilibrium phase produced by a peritectoid reaction [3] . Moreover, 1 Root and Small et al. [19] [20] [21] reported a slow δ-ZrD → γ-ZrD phase transformation in a Zr-2 2.5Nb alloy which initiated at ~453 K during cooling. The present result at 450 K shown in experiments, it is difficult to discern only based on the result in Fig. 4b whether or not the δ 5 → γ transformation exists in the present system. Additionally, after slow cooling the ε-ZrD phase was found to disappear completely (Fig. 5a ), 18 suggesting that ε is thermodynamically unstable and readily decomposes during slow cooling. 19 The metastable ζ-Zr 2 H phase, which was reported to form under both fast and slow cooling 
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13
After the production of γ-ZrD with slow cooling, the sample was incrementally heated up indicating that γ-ZrD disappeared completely at this temperature. On the other hand, the 10 intensities of δ-111 reflections appeared to increase with increasing the soaking temperature.
11
Furthermore, it is noteworthy that the ε-ZrD phase which was present in the initial heating 12 stage (Fig. 4) and decomposed after slow cooling (Fig. 5a ) has not returned in this heating (Fig. 7) . We believe that this change is resulted from the 9 difference in stoichiometric compositions between δ and γ phases. constitutions in the sample after slow cooling to 290 K (Fig. 8 and Table 1 ). This conclusion atoms from the δ-hydride crystal lattice is the rate-limiting step of the δ → γ transformation. 1 This provides evidence that the δ → γ transformation is sluggish or diffusion-limited and thus 2 this transformation and the resultant formation of γ-hydride are favored by slow cooling. 3 Additionally, the δ → γ transformation was found to be incomplete after slow cooling 4 (Table 1) , probably related to the slow migration process of hydrogen away from the δ-5 hydride in order to achieve a lower concentration of hydrogen to allow the formation of the γ-6 hydride phase. Furthermore, it should be mentioned that during slow cooling, the migration of 7 hydrogen atoms from the δ-hydride unit cell occurs simultaneously with a reduction in the 8 solubility of hydrogen in α-Zr. In this case, the released hydrogen atoms from δ-hydride may 9 not react with the surrounding α-Zr but tend to deposit on the surface of existing δ-hydrides
10
[21]. Consequently, the α-Zr phase fractions were nearly unchanged after slow cooling (Table   11 1). included to show which diffraction data were presented in this work at a specific temperature. 
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